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Changes in Tropospheric Ozone Associated With
Strong Earthquakes and Possible Mechanism
Feng Jing , Member, IEEE, and Ramesh P. Singh , Senior Member, IEEE

Abstract—The index of ozone anomaly (IOA) has been proposed
to detect changes in tropospheric ozone associated with strong
earthquakes. The tropospheric ozone prior and after the 2008
Wenchuan earthquake has been analyzed using IOA. Atmospheric
infrared sounder ozone volume mixing ratio (O3 VMR) at different
pressure levels (600, 500, 400, 300, 200 hPa) for an 18-year period
2003–2020 has been considered to identify the unique behavior
associated with the strong earthquakes. Our results show distinct
enhancement in tropospheric ozone occurred 5 d (7 May 2008)
prior to the main event and distributed along the Longmenshan
fault zone. An enhancement in IOA has also been observed around
the time of the 2013 Lushan and 2017 Jiuzhaigou earthquakes,
but with the different emergence time, which indicates that the
unusual behavior of tropospheric ozone depends on the tectonic
and geological environment, focal mechanism, focal depth, meteorological conditions, and other factors. The location of increased
tropospheric ozone indicates the epicenter of earthquakes. The
magnitude of earthquake could be one of the important factors
affecting the appearance of the anomalous tropospheric ozone.
The possible mechanism for the increased tropospheric ozone
associated with strong earthquakes is discussed in this article.
The quasi-synchronous changes of tropospheric ozone and other
parameters in the lithosphere/atmosphere/ionosphere have been
found by combining with the other published results related to
the Wenchuan earthquake, which show the existence of coupling
during the earthquake preparation phase associated with the
lithosphere–atmosphere–ionosphere coupling.
Index
Terms—Earthquakes,
lithosphere–atmosphere–
ionosphere coupling (LAIC) model, tropospheric ozone, Wenchuan
earthquake.

I. INTRODUCTION
HE EARTHQUAKE is a complex process within preparation region. Within the stress built up region, slow deformation takes place that leads to the unusual geochemical,
geophysical, hydrological signals, and greenhouse gas emissions, which have been observed using borehole, ground, and
satellite observations [3]–[7]. These observations have provided
changes in meteorological, atmospheric and ionospheric parameters, which were reported by many associated with earthquakes
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occurred globally [9], [10]. The changes observed in borehole,
ground, atmospheric, and ionospheric parameters have provided
evidence to believe existence of strong coupling between land–
atmosphere–ionosphere during the phase of earthquake preparation [11]–[13]. The optical and microwave satellite observations
have provided anomalous signals associated with tectonic and
seismic activities, which encouraged us to explore the coupling
of multi-parameter to get an early information about an impending earthquake [14]–[16]. In the past three decades, the
short-term signals observed by satellite for thermal radiation
[17]–[19], gas emission [5], [20], [21], atmospheric aerosol
[22], [23], and ionospheric disturbances [24]–[26] associated
with the different earthquakes around the world. The models
of lithosphere–atmosphere–ionosphere coupling (LAIC) [28],
[29] and lithosphere–coversphere–atmosphere coupling [8] have
been proposed to understand the earthquake processes and associated anomalous variations.
Ozone (O3 ) is one of the most important trace gases in the
atmosphere, and the stratosphere is considered as home of the
ozone. Changes in the total ozone column (TOC) have been
observed globally, which are associated with seasonal changes,
dust storms [30], tropospheric-stratospheric exchanges, weather
disturbances, volcanic eruptions [31], atmospheric disturbances,
and cyclone/hurricanes. Lasukov [32] proposed ozone production associated with the rock deformation and fracture growth
as the electromagnetic wave propagates from the hypocentral
region to ionosphere, the anomalous electromagnetic signals reflecting changes in ionosphere provide a potential early warning
signal about an impending earthquake. The analysis of ozone
data observed by satellite shows decline in TOC occurred on the
day of earthquake [34], [35], which was thought to be easier to
observe during spring season due to convection and exchanges
between troposphere–stratosphere [38]. The increased TOC
have been observed a few days (even 7 d) prior [39], [40] and
after the earthquake [15], [41], that could be associated with
the transportation from higher latitude in the troposphere and
the intrusion of stratospheric ozone [41]. Xiong et al. [44] used
machine learning and global earthquakes to verify the anomaly
of ozone before earthquakes. But some other researchers claimed
that there are no statistically significant TOC variations and
earthquake activities [45]–[47].
Besides these possible stratospheric ozone variabilities associated with the earthquakes, Baragiola et al. [48] provided
the experimental evidence for the generation of tropospheric
ozone during rock fracture due to large electric fields induced by
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charge separation. But their results did not support the TOC variations because the content of tropospheric ozone is very lower
compared with the stratospheric ozone. The tropospheric ozone
is associated with the photochemical and chemical reactions,
which depends on sunlight (especially ultraviolet light) and
ozone precursors, i.e., hydrocarbons (e.g., methane), nitrogen
oxides (NOx), CO, and volatile organic compounds (VOCs)
originated from natural and man-made sources, and also could be
due to downward migration from stratosphere through diffusion
and turbulence processes [49], [50]. But such observations have
motivated earthquake community to study if the ozone can prove
to be an earthquake precursor.1
In the present study, we have considered ozone data for an
18-year period (2003 to 2020) observed by the atmospheric
infrared sounder (AIRS) onboard the earth observing system
(EOS) Aqua satellite to study the possible relationship between
the tropospheric ozone variations and the strong earthquakes.
The 2008 Wenchuan earthquake occurred in Sichuan province of
China was selected as a case due to the extensive research by the
scientific community. Our results show that an enhancement in
tropospheric ozone over the epicentral area 5 d prior to the main
earthquake event, which could be a unique behavior in both temporal and spatial domains. The quasi-synchronous changes in
the tropospheric ozone and other parameters at different vertical
altitudes (lithosphere, atmosphere, and ionosphere) indicate the
existence of coupling effect during the earthquake preparation
phase.
II. DATA AND METHOD
A. Data Used
The daily Level 3 products AIRS3STD (L3 daily gridded
standard retrieval product using AIRS IR-Only) and AIRS3STM
(L3 monthly gridded standard retrieval product using AIRS
IR-Only) with the spatial resolution of 1.0° 1.0° have been
used in the present work. The retrieval algorithm and quality
control related to the version 6 AIRS data products can be
found in [51] and [52]. Ozone volume mixing ratio (O3 VMR)
at different pressure levels have been considered in order to
obtain the possible variation triggered by tectonic and seismic
activities. Only the nighttime data have been considered in
order to reduce the interferences coming from human activities
and solar radiation during daytime. OMI/Aura Level-3 daily
nitrogen dioxide (NO2 ) global gridded product (OMNO2d) with
the spatial resolution of 0.25° 0.25° is considered since it is an
important tropospheric ozone precursor.
B. Methods
The emergence of geophysical, hydrological, and geochemical anomalies prior to earthquake activities is associated with the
tectonic movement, and stress changes. The changes in the meteorological and atmospheric parameters near the earth’s surface
associated with earthquakes are detected using multisatellite
sensors, which provide information at the different pressure
1 Online.
[Available]:
https://www.livescience.com/17301-ozone-gasearthquake-precursor-warning.html
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levels [5], [14], [15]. The TOC over the epicentral region have
shown characteristic features (increasing values) associated with
earthquakes [39], [53].
The detection of anomalous signal associated with earthquakes is based on the multi-year background data as the definition of absolute local index of change of the environment
(ALICE) proposed by Tramutoli [54], which and other derived
methods have been successfully applied the detection of anomalous signals for different parameters associated with seismic
[55]–[57], volcanic [58], [59], and dust storm events [60]. In the
present article, we have used the data for the periods 2003–2020
(all available years covered 12 mo for AIRS data) as background
data. The temporal mean value μt (x, y, p) and the standard
deviation (STD) σt (x, y, p) were computed using background
data. μt (x, y, p) and σt (x, y, p) are defined as follows:
N
(i)
O (x, y, p)
(1)
μt (x, y, p) = i=1 3_t
N

2
1 N  (i)

σt (x, y, p) =
O3_t (x, y, p) − μt (x, y, p)
i=1
N −1
(2)
where O3_t (x, y, p) is the ozone value at pressure level p located
with latitude x and longitude y at the certain time (which can
be different scales–hour, day, week, month, and here refers as
day) observed by satellite. N is the number of the years with the
background data. μt (x, y, p)and σt (x, y, p) are the mean value
and the STD of ozone for the certain day at pressure level p,
latitude x and longitude y, respectively.
Further, we obtain the index of ozone variation (IOV) at
different pressure levels with latitude x and longitude y defined
as St (x, y, p) using following equation:
St (x, y, p) =

O3_t (x, y, p) − μt (x, y, p)
.
σt (x, y, p)

(3)

The difference in IOV between every single day and the average
value for 3 d prior is defined as S̄t (x, y, p) in order to obtain the
signals that differ from the variations in the adjacent days.
S̄t (x, y, p) = St (x, y, p) − St̄ (x, y, p) .

(4)

Here, St̄ (x, y, p) is the 3 d averaged IOV value prior to the
certain day at pressure level p, latitude x, and longitude y.
Further, the index of ozone anomaly (IOA) defined as
S̄tΔp (x, y) is proposed, that is to focus on the unique variation
both at the adjacent days in the same year and the same day in
the different years, and also the difference between the lower
troposphere and the upper troposphere.
S̄tΔp (x, y) = S̄t (x, y, pl ) − S̄t (x, y, pu ) .

(5)

S̄t (x, y, pl ) and S̄t (x, y, pu ) are the IOV at the selected high
pressure level (corresponds to lower altitude) and low pressure
level (corresponds to higher altitude) in the troposphere based
on the elevation of the target region, respectively. In the present
study, we have considered ozone at 600 and 200 hPa pressure
levels because the epicentral regions of the earthquakes are
located at the high elevation, about 4000 m.
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Fig. 1. Ozone monthly mean and STD variations of the epicenter region for Wenchuan earthquake during the period of 2003–2020. (a) O3 VMR mean variations
in troposphere and TotO3. (b) O3 VMR mean variation in stratosphere. (c) O3 VMR STD variations in troposphere and TotO3. (d) O3 VMR STD variation in
stratosphere.

III. RESULTS
A. Ozone Background Variations Over Epicentral Region
Considering the trend of tropospheric ozone varies highly
with the different regions and seasons, and also the diurnal
variability of ozone depends on solar radiations, complex terrain,
and local precursor gas emissions [61], the nighttime ozone data
over the pixel of the epicenter for the 2008 Wenchuan earthquake
have been selected to study the background variations of ozone.
The total integrated column ozone (TotO3) and O3 VMR at
different pressure levels (600, 500, 400, 300, 200 hPa) have
been considered in the present study due to the high elevation
of the epicentral region.
The multiyear average monthly data were calculated by using
the data for the periods 2003–2020. We have considered monthly
ozone variations over the Wenchuan epicentral region (Fig. 1(a)).
This clearly shows that the values of O3 VMR at 300 to 600 hPa
pressure levels are much lower than the value at 200 hPa pressure level (the top of the troposphere). The maximum value of
O3 VMR at 300–600 hPa pressure levels are observed in the
month of April or May that could be related to the increased
stratospheric–tropospheric exchange and photochemical processing in the middle latitudes of the northern hemisphere during
spring season [62]. The variability in O3 VMR at 200 hPa could
be associated with the seasonal variations. The maximum O3
value at 200 hPa occurs in the month of March and the minimum
value appears in the month of September. Variations of TotO3
[black dash line in Fig. 1(a)] show dependent on season, the
maximum value appears in the month of April and the minimum in the month of October, mainly shows characteristic of

stratospheric ozone variations [the O3 VMR in the stratosphere
is much higher compared to the troposphere, Fig. 1(b)]. We have
computed the multiyear average monthly STD variations over
the epicentral region of the Wenchuan earthquake during the
periods 2003–2020. The higher STD values have been observed
during winter season (January, February, and December) and
the lower values in the month of September for every pressure
level in the troposphere [Fig. 1(c)], which is similar to the mean
ozone variations [Fig. 1(a)]. However, for the stratosphere, the
highest O3 VMR STD variations occur during winter season
compared to O3 VMR mean variations during autumn season
[Fig. 1(d)].
B. Ozone Variations Associated With the 2008 Wenchuan M
7.8 Earthquake
We computed IOV using (3) at different pressure levels 200,
300, 400, 500 and 600 hPa in the troposphere over the epicentral
region 60 d prior and after the Wenchuan earthquake using AIRS
O3 VMR daily data (color map in Fig. 2). It is not easy to
find the unusual signal. According to (5), IOA was computed
(black line with red dots in Fig. 2). The IOA shows the highest
IOA value of 3.723, 5 d prior to the earthquake (7 May, 2008).
Further, we observed characteristic variations over the epicentral
region during 366 d in 2008 [Fig. 3(a)], and also during the
same period (April and May) from 2003 to 2020 [Fig. 3(b)].
In other words, the IOA shows distinctive variations prior to
the Wenchuan earthquake compared with other days. In order
to check whether this distinct variation only occurs over the
epicentral area or exists in a wide area, we further obtained
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Fig. 2. Temporal variations of IOV at different pressure levels in troposphere and IOA over the epicentral region 60 d prior and after the Wenchuan earthquake.
Black line shows IOA variation. Red dash line indicates the occurrence day of the main earthquake event.

Fig. 3. Temporal variations of IOA over the epicentral region for the Wenchuan earthquake in (a) 2008 and (b) April and May during the periods 2003–2020.
Red star indicates the day of earthquake occurrence. Black arrow shows the anomalous IOA variation.

Fig. 4. Spatial variations of IOA on 6–8 May, 2008. Red star indicates the epicenter of the Wenchuan earthquake. Red lines show the main active faults in China.
The region with white color shows gaps in data due to polar-orbiting satellite coverage.

the IOA spatial variations (Fig. 4), which show the distinct
variations of IOA on 7 May 2008 over the epicentral region
and distributed along the Longmenshan fault, the seismogenic
fault of the Wenchuan earthquake. Both the temporal and spatial
variations show an enhancement in tropospheric ozone 5 d prior
to the main earthquake.
IV. DISCUSSION
To verify if the anomalous signal discussed in Section III
is associated with the earthquake event, tropospheric ozone

variations around the time of another two strong earthquakes
occurred in Sichuan province of China (the 2013 Lushan and the
2017 Jiuzhaigou earthquakes) have also been analyzed based on
the method proposed in Section II-B. Additionally, considering
the unusual variations of geophysical, hydrological, and geochemical parameters in the lithosphere, atmosphere, and ionosphere related to the Wenchuan earthquake based on ground and
satellite observations have been reported by number of authors
in [1], [7], [20], [33], [63], and [64], a possible mechanism of the
observed tropospheric ozone variation is discussed in the next
Section IV-B.
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Fig. 5. Temporal variations of IOV at different pressure levels in the troposphere and IOA over the epicentral region 60 d prior and after the Lushan earthquake.
Black line shows IOA variation. Red dash line indicates the day of earthquake occurrence.

Fig. 6. Temporal variations of IOA over the epicentral region for the Lushan earthquake in (a) 2013 and (b) February during the periods 2003–2020. Red star
indicates the day of earthquake occurrence. Black arrow shows the anomalous IOA variation.

A. Tropospheric Ozone Variations Associated With Other
Strong Earthquakes Occurred in Sichuan Province
1) 2013 Lushan M6.6 Earthquake: On 20 April 2013, the
Lushan earthquake with the magnitude of 6.6 and the depth
of 14 km (according to USGS) occurred on the Longmenshan
fault zone, which is located about 80 km southwest of the 2008
Wenchuan earthquake. We processed the AIRS ozone data using
the method described in Section II-B, and obtained the IOA
time series variations over the epicentral region. From the IOA
variations for 120 d (60 d prior and after the Lushan earthquake)
(Fig. 5), an enhancement in IOA was observed 52 d prior to
the earthquake event (27 February, 2013), which indicated an
anomalous tropospheric ozone variation. Further, we studied the
IOA variations throughout the whole year of 2013 [Fig. 6(a)]
and for the month of February during the periods 2003 to 2020
[Fig. 6(b)], which clearly show the highest IOA variations on
27 February 2013 with the value of 3.445. From the spatial IOA
variations (Fig. 7), we found an enhancement of IOA on 27
February 2013 over the epicentral area and over the southern
part of Longmenshan fault.

Similar to the 2008 Wenchuan earthquake, an anomalous
tropospheric ozone was observed prior to the Lushan earthquake
over the epicenter and along the Longmenshan fault. But it
appeared over 1 mo in advance instead of only a few days prior
to the main earthquake event day in the case of Wenchuan earthquake. The enhancement in microwave brightness temperature,
methane (CH4 ), and carbon monoxide (CO) distributed along the
Longmenshan fault have also been observed during the same period (over 1 mo prior to the main earthquake) for the 2013 Lushan
earthquake [1], [20], which could be related to the existence of
a large number of fractures along the Longmenshan fault and
surrounding regions after the 2008 Wenchuan earthquake. The
development of fractures during earthquake is likely to release
gas from the near earth’s surface due to changes in stress regime
and also due to the changes in water level and radon emissions
[64] prior to the Lushan earthquake. An enhancement in ozone
40 d prior to the earthquake has also been observed in Italy [39].
2) 2017 Jiuzhaigou M6.5 Earthquake: On 8 August 2017, an
earthquake with magnitude 6.5 with focal depth 9 km (according
to USGS) hits the Jiuzhaigou, Sichuan province of China, which
is another strong earthquake occurred on the eastern boundary of
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Fig. 7. Spatial variations of IOA on 26–28 February, 2013. Red star indicates epicenter of the Lushan earthquake. Red lines show the main active faults in China.
The region with white color shows gaps in data due to polar-orbiting satellite coverage.

Fig. 8. Temporal variations of IOV at different pressure levels in troposphere and IOA over the epicentral region 60 d prior and after the Jiuzhaigou earthquake.
Black line shows IOA variations. Red dash line indicates the day of earthquake event.

Fig. 9. Temporal variations of IOA over the epicentral region for the Jiuzhaigou earthquake in (a) 2017 and (b) July and August during the period 2003–2020.
Red star indicates the day of earthquake occurrence. Black arrow shows the anomalous IOA variation.

the Bayan Har active block since the 2008 Wenchuan earthquake
and the 2013 Lushan earthquake. This earthquake occurred on
a left-lateral strike-slip fault [65]. The temporal variations of
IOV at different pressure levels in troposphere and IOA over the
epicentral region 60 d prior and after the Jiuzhaigou earthquake
are shown in Fig. 8. The highest IOA value of 3.476 occurred on

the 13 d after the main earthquake event (20 August 2017), which
was also the highest value during the year 2017 [Fig. 9(a)] and
the same period (July and August) during 2003–2020 [Fig. 9(b)].
The spatial IOA variations from 19 to 21 August 2017 are shown
in Fig. 10. An enhancement in IOA on 20 August has been observed over the epicentral region (Fig. 10). Unlike the anomalous
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Fig. 10. Spatial variations of IOA on 19–21 August 2017. Red star indicates the epicenter of the Jiuzhaigou earthquake. Red lines show the main active faults in
China. The region with white color shows gaps in data due to polar-orbiting satellite coverage.

Fig. 11. Temporal distributions of the magnitude and frequency for the aftershocks with magnitude great than 3.0 of the 2017 Jiuzhaigou earthquake (up to 31
December 2017), source earthquake catalog from China Earthquake Networks Center (CENC).

ozone variations appearing prior to the main earthquake event
for the Wenchuan and the Lushan earthquakes, increase in IOA
was observed after the Jiuzhaigou earthquake, which could be
due to the presence of a blind fault that may not be source
of gas emissions prior to the earthquake. It may be noted that
the gas emissions depend on the geological and hydrological
environment. The sudden changes in IOA after the Jiuzhaigou
earthquake could be related to the microfracture caused by the
main earthquake event and high frequency aftershock activities
during one week after the main earthquake. From the temporal
distributions of the magnitude and frequency for the aftershocks
(M > 3) of the 2017 Jiuzhaigou earthquake (Fig. 11), we can
see most of the aftershocks occurred within one week after the
main earthquake event.
B. Possible Mechanism
In order to study the possible mechanism for the tropospheric
ozone variations and the seismic coupling effect of the multisphere of the earth (lithosphere, atmosphere, and ionosphere),
we collected the other parameters with unusual behaviors in
different geospheres associated with the 2008 Wenchuan earthquake from the published research papers (Table I). It should be
noted that almost all kinds of parameters have observed obvious

variations around 5 d before the main shock - 7 May 2008 (the
occurrence day of the increased tropospheric ozone observed in
the present article).
Our result is focused on the variations of tropospheric ozone
instead of TOC mainly reflecting the stratospheric variations.
An increase in tropospheric ozone occurred 5 d prior to the
Wenchuan earthquake could be attributed to the following reasons.
1) Charge separation and electrical discharges in the lower
atmosphere due to microfracture of rock and high electric fields
induced by the stress accumulation is a possible reason for
increased tropospheric ozone as provided by the experimental
evidence [48] and the theoretical study [66]. That could be
related to air ionization led by positive hole charge carriers
[67] or increased radon emanation from the active faults, which
lead to the vertical electric field generation. The increased water
radon 1–2 weeks prior to the Wenchuan earthquake have been
observed using ground-based data [64]. The ionospheric distributions have also been observed 3–6 d prior to the Wenchuan
earthquake under the impact of a strong vertical electric field on
the Earth’s surface penetrating into the ionosphere [36], [37],
[42], [43], [63]. The changes in electric field can also generate
thermal radiation as the observed quasi-synchronous increase in
some temperature-related parameters in the case of Wenchuan
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TABLE I
OTHER PARAMETERS WITH ANOMALOUS BEHAVIORS AROUND THE TIME OF THE WENCHUAN EARTHQUAKE

1

Microwave brightness temperature.2 Skin temperature. 3 Air pressure. 4 Surface latent heat flux. 5 Air temperature. 6 Diurnal temperature range. 7 Total column CO. 8 CH4 volume
mixing ratio. 9 Aerosol optical depth. 10 Relative humidity. 11 Outgoing longwave radiation. 12 Clear-sky outgoing longwave radiation. 13 Total electron content.14 Critical frequency
of the F2 layer.

Fig. 12. Spatial variations of monthly-averaged NO2 in May 2008 and daily NO2 on 5, 8, and 10 May 2008 observed by OMI/Aura. Red star indicates the
epicenter of the Wenchuan earthquake. Red dots show the main cities (Chengdu and Chongqing). Red lines show the main active faults in China. The region with
white color shows no data available due to cloud screening.

earthquake, i.e., microwave brightness temperature (MBT) [1],
[2], skin temperature (SKT) [8], air temperature (AT) [8], diurnal
temperature range (DTR) [8], and outgoing longwave radiation
(OLR) [27] (see Table I). Coseismic responses of groundwater
level and temperature have also been observed [7], [68].
2) Increased ozone precursors around the time of earthquake
occurrence. A large amount of CO and CH4 emissions along the
Longmenshan fault zone have been observed before the occurrence of the main shock [20], [21]. It should be noted that the high
values in CO and CH4 occurred 8 d before the earthquake, which
seems 3 d earlier than the increased ozone we detected. However,
the fact is these variations could be simultaneous due to the 8-d
averaged data have been used in the analysis of CO and CH4
[20], [21]. The details on the process of CO and CH4 converting
to ozone in the troposphere can be found in the reference [69]. As
an important ozone precursor, the enhancement in tropospheric
NO2 (distracted from the monthly-averaged value) has been
observed along the Longmenshan fault zone on 5, 8, and 10
May 2008 (around the day of increased tropospheric ozone)
using OMI (onboard on the EOS-Aura satellite) data (Fig. 12),

which clearly shows those variations are not associated with
the anthropogenic emissions located directly above the major
urban areas of Chengdu and Chongqing (red dots in Fig. 12) as
we observed in monthly-averaged NO2 variation. In this case,
it is more conducive to tropospheric ozone production under
the photochemical and chemical reactions. The enhancement of
NO2 attribute to the release of nitrogen (N2 ) along the active
fault due to the change in stress [70]. Increased NO2 associated
with earthquakes has been observed in many earthquakes [53],
[71].
3) The transport of ozone-rich air from the high latitude area
and the lower stratosphere. We observed that the increase in
tropospheric ozone and a sudden drop in air pressure have been
observed on the same day (5 d prior to the main event) [27]. The
low air pressure could disturb the wind pattern, thus forming
favorable conditions for ozone enhancement as suggested by
Ganguly [34], [41]. In addition, high temperature (MBT and
SKT) and low relative humidity have been observed 6–7 d prior
to the main earthquake event [1], [2], [8], [27], [33], which is
also a favorable condition for ozone generation. The enhanced
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Fig. 13. Temporal distributions of multiparameter unusual variations around the day of Wenchuan earthquake based on the results of the present work and other
published papers (details in Table I). Black markers indicate the lithospheric parameters; red markers indicate the atmospheric parameters; blue markers indicate
the ionospheric parameters. Triangles represent decreased variations and squares represent the increased variations.

ozone following the increased SKT has also been observed in
the Amatrice–Norcia earthquake sequence, Italy [39].
During the preparation stage of a strong earthquake, the
enhancement in tropospheric ozone should be a comprehensive
result related to the different factors we mentioned above instead
of only one reason. The magnitude of earthquake could be one
of the important factors to the appearance of the anomalous
tropospheric ozone. Our results clearly show that the range of
spatial distribution and the value of IOA will increase with
the magnitude of earthquakes, and vice versa. The occurrence
time of increased tropospheric ozone depends on the tectonic
environment, focal mechanism, and weather conditions as suggested by the results of the Lushan and Jiuzhaigou earthquakes
(Section IV-A).
The temporal distributions of multiparameter variations
around the occurrence of the 2008 Wenchuan earthquake are
shown in Fig. 13, that will help us understand the interaction of
the parameters with anomalous behaviors at different altitudes
during the period of earthquake preparation. The parameters
listed on the y-axis in Fig. 13 are arranged according to their vertical heights. The parameters at the bottom reflect the variations
coming from lithosphere, and those at the top are coming from
the ionosphere. It is easy to find the appearance of the unusual
behaviors from lithosphere to upper atmosphere (ionosphere) is
gradually approaching the day of earthquake occurrence. Similar
phenomenon has been observed in the 2015 Nepal earthquake
[14]. The earliest anomalies occurred in the lithosphere and
the impending signals occurred in the mid to upper atmosphere
(ionosphere) follow the bottom-up pattern that can be explained
by the root of these variations is the stress accumulation coming
from the earth’s crust. Air ionization produced by radon emission
is considered a main source for the coupling effect of lithosphere
and atmosphere during the preparation phrase of earthquake as
suggested by the LAIC model [28]. A series of thermal-related
parameters show changes due to air ionization and gases emission (Fig. 13) (e.g., CO, CO2 , CH4 , etc.) in the epicentral region
[72]. Quasi synchronous change in aerosols and ozone could
appear during this period under the comprehensive influence of
many factors, as observed in the 2008 Wenchuan earthquake

([22] and present work) and the 2015 Nepal earthquake [53],
and also after the earthquake occurrence [41], [73]. Further,
the ionosphere will be affected by the changes in atmospheric
conductivity and lead to the variations in the ionosphere, e.g.,
TEC, foF2, plasma, etc.

V. CONCLUSION
Our results show variations of tropospheric ozone associated
with the 2008 Wenchuan earthquake. The IOA based on AIRS
data for an 18-year period (2003 to 2020) show a distinct
increase in the tropospheric ozone observed 5 d prior to the main
earthquake event. The location of enhanced tropospheric ozone
is consistent with the epicenter for the impending earthquake,
and also distributed along the Longmenshan fault zone. The
reason for unusual behavior in the tropospheric ozone could be
related to charge separation and electrical discharges, increased
ozone precursors, and intrusion of high concentration ozone in
the stratosphere, etc. The magnitude of earthquake could be an
important factor affecting the appearance of the anomalous tropospheric ozone. The occurrence time of increased tropospheric
ozone depends on the tectonic environment, focal mechanism,
weather conditions, and so on. The strong coupling has been
observed among the lithosphere, the atmosphere, and the ionosphere around the day of increased tropospheric ozone, which
could be supported by the LAIC model proposed by Pulinets
and Ouzounov [28].
It should be noted that the possible anomalous signals associated with earthquakes could differ from place to place due
to the difference in seismogenic environments (e.g., magnitude,
depth, location, focal mechanism, fault locking status, geological, geophysical, tectonic and hydrological environment, etc.),
and also with the atmospheric perturbations (such as dust storms,
extreme events, volcanic eruptions, forest fires/biomass burning,
cyclones/typhoons/hurricanes, etc.). The statistical analysis is
difficult to carry out due to lack of repeatable earthquake in
similar geological, geophysical and hydrological environment.
Combined with multiparameter in different geospheres could
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be a more practical approach to identify the anomalous signals
associated with earthquake activities [39].
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